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Dopamine has long been tightly associated with aspects of reinforcement learning and
motivation in simple situations where there are a limited number of stimuli to guide
behavior and constrained range of outcomes. In naturalistic situations, however, there are
many potential cues and foraging strategies that could be adopted, and it is critical that
animals determine what might be behaviorally relevant in such complex environments.
This requires not only detecting discrepancies with what they have recently experienced,
but also identifying similarities with past experiences stored in memory. Here, we review
what role dopamine might play in determining how and when to learn about the world, and
how to develop choice policies appropriate to the situation faced. We discuss evidence
that dopamine is shaped by motivation and memory and in turn shapes reward-based
memory formation. In particular, we suggest that hippocampal-striatal-dopamine networks
may interact to determine how surprising the world is and to either inhibit or promote
actions at time of behavioral uncertainty.
Keywords: dopamine, nucleus accumbens, hippocampus, reward, reinforcement learning, long term memory
INTRODUCTION
It is often assumed, when faced to an unfamiliar environment,
that our main task is to learn about this new world via a pro-
cess of exploration, gathering information through trial and error.
As experimenters trying to study these processes, we present our
subjects with novel stimuli, different ways of responding and dif-
ferent types of reinforcer in order to determine how they learn
about these elements of their world. Sometimes then we might
change associations or add new cues to try to understand how
new information is represented or existing associations modified.
Indeed, when using animals as our subjects, often a lot of effort
is expended to ensure that the task environment shares few, if
any, features that the animals might have encountered at a pre-
vious point in their lives to ensure that new learning can proceed
uncontaminated by past experience. Several decades of work has
helped to map out how learning and adaptive behavior in these
types of environment might be represented in brain circuits, with
differing angles of focus within widespread frontal-temporal-
striatal networks and particularly their interactions with the
neurotransmitter dopamine.
However, while these processes are inarguably critical for sur-
vival, this concentration of research into such constrained task
set-ups has also indirectly diminished the amount of work on
another critical factor in everyday learning and decision making.
For what has sometimes been overlooked is the degree to which
behavior in novel or changing environments relies not only on
detecting discrepancies with what has recently been experienced,
but also with identifying similarities with past situations stored
in memory (Lisman and Grace, 2005; Gershman and Niv, 2010;
Shohamy and Adcock, 2010). While the former process can be
used to determine how the environment has changed, the latter
in addition can provide a structure, based on past experience,
to allow learning to proceed more rapidly. Ideally, these pro-
cesses will interact dynamically to enable the rapid acquisition
of beneficial behaviors in new situations by providing potential
response strategies or by biasing attention to what are expected
to be the relevant parts of the environment. However, the balance
between relying on past strategies or adopting a new response pat-
tern is delicate and in certain circumstances, particularly when
the environment has fundamentally changed, a reliance on stored
experience at the expense of new learning may also lead to
inflexible and maladaptive responses.
A key question, therefore, is what role dopamine transmission
might play in guiding how to learn and determining when to use
or ignore choice policies implemented in previous comparable
situations. While dopamine has tended to be tightly associated
with aspects of reinforcement learning and motivation, there is
increasing evidence that the pattern of dopamine activity can
be shaped by both an animal’s experience of the structure of
an environment and even the long-term nutritional effects of
a reinforcer. Moreover, as well as signaling reward predictions,
dopamine activity and release can be influenced by novel cues and
environments, and therefore might signal the potential impor-
tance of elements of the world in order to guide behavior toward
the most valuable options (Ljungberg et al., 1992; Kakade and
Dayan, 2002; Lisman and Grace, 2005). However, beyond its role
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in guiding ongoing learning, there is another literature implicat-
ing dopamine in aspects of memory consolidation and retrieval
at times distant from the original experience (Packard andWhite,
1989; Floel et al., 2008; Goto and Grace, 2008; Phillips et al., 2008;
Shohamy and Adcock, 2010).
In this article, we will attempt to pull together these dif-
ferent strands—learning, familiarity, and memory—to provide
a descriptive account of how dopamine transmission might
facilitate adaptive behavior in complex, changing environments.
Given the heterogeneity of dopamine responses in different ter-
minal regions, for the sake of simplicity, we will focus most
closely on phasic dopamine transmission in the ventral stria-
tum/nucleus accumbens (NAc)—in other words, a transient
change in dopamine levels lasting between a few hundred mil-
liseconds and several seconds—and how this can have an impact
on both short- and longer-term behavior. However, we acknowl-
edge that there are likely different functions of dopamine activity
measured across minutes, hours and even days, which might very
well correlate with different phases of behavior (see, for exam-
ple, Schultz, 2007). Moreover, dopamine release in other terminal
regions, such as prefrontal cortex, may subserve similar but dis-
tinct roles in behavioral flexibility owing to the differences in
receptor location and difference in clearance mechanisms and
timing (Floresco, 2013).
Here, we will first review the evidence for the modulation of
dopamine over different timescales and then will discuss what
the behavioral consequences of such modulation would be in
terms of patterns of dopamine release in terminal regions. Beyond
a straightforward role in reinforcement learning, we will argue
that phasic dopamine release here might act as a signal to moti-
vate animals to engage with options at times of uncertainty in
order to learn the best predictors of reward in an environment.
In a final section, we will outline ideas, building on the work of
several other groups (Lisman and Grace, 2005; Johnson et al.,
2007; Shohamy and Wagner, 2008; Pennartz et al., 2011), about
how hippocampal-striatal-midbrain networks might cooperate to
allow such adaptive behaviors to emerge. Specifically, we postulate
that this network is key to determine how surprising the world is
and therefore how to use memory to shape learning.
DOPAMINE ACROSS THE TIMESCALES
DOPAMINE, REINFORCEMENT, AND ONLINE REWARD LEARNING
Reinforcers drive the everyday life of all individuals.
Reinforcement can either involve punishment (e.g., pain)
and induce avoidance behavior or be positive (e.g., reward) and
motivate approach behavior. Unexpected delivery of a reward
causes a brief increase in firing rate in a large population of
putative midbrain dopamine containing cells as well as a phasic
dopamine release in part of the ventral striatum such as the
nucleus accumbens (Schultz, 1997; Day et al., 2007; Flagel et al.,
2011). A prominent theory suggests that these signals do not
directly encode the affective properties of the reward, but instead
reflect the deviation at a particular moment in time between
an animal’s expectation of reward and new information about
future rewards (Montague et al., 1996; Schultz, 1997; Aggarwal
et al., 2012). This discrepancy—termed a reward prediction error
(RPE)—can be used as a teaching signal by temporal difference
learning models to enable learning about the long-term cached
reward values associated with stimuli in the environment. In
support of this idea, dopamine cell activity reflects whether
stimuli provide new, useful information about the world (Waelti
et al., 2001) and optogenetic driving of the dopamine system
to artificially signal the presence of new information when
stimuli are presented can cause reward associations to be formed
(Steinberg et al., 2013). A similar quantitative and causal rela-
tionship has also been demonstrated for dopamine, RPE and
action updating in instrumental tasks (Bayer and Glimcher, 2005;
Adamantidis et al., 2011). Although fMRI can only provide an
indirect measure of dopamine transmission via changes in blood
oxygen level-dependent (BOLD) signals (Knutson and Gibbs,
2007), BOLD responses in human ventral tegmental area (VTA)
and ventral striatum/NAc have also been shown to represent
positive RPEs (D’Ardenne et al., 2008).
While most theoretical work has focused on this type of
reward-driven dopamine activity, it is increasingly clear that there
is a heterogeneity of response types that can be observed in
rodents and primates between different putative dopamine neu-
rons. For instance, while some dopamine containing neurons are
modulated by the expected value of predictive stimuli, show-
ing an increase in firing that scales both with anticipated future
reward and a decrease in firing that scales with anticipate future
punishment (e.g., Matsumoto and Hikosaka, 2009; Cohen et al.,
2012), other neurons appear mainly to reflect anticipated future
reward alone (Mirenowicz and Schultz, 1996; Joshua et al., 2008).
Yet another population scales with the likelihood of any future
relevant event, whether positive or negative (Matsumoto and
Hikosaka, 2009), which has been suggested to be a signal encoding
the motivational salience of a stimulus (Bromberg-Martin et al.,
2010a). This latter response may relate to the well-known obser-
vation that dopamine neurons can briefly respond to unexpected
novel stimuli, which have no direct association with any rein-
forcer (Ljungberg et al., 1992; Horvitz et al., 1997). Alternatively,
these responses to novel stimuli could reflect a signal to pro-
mote exploration to gain new information (Kakade and Dayan,
2002; Bromberg-Martin and Hikosaka, 2009). A similar range
of responses to rewards and punishment can also be seen at the
time of reinforcer delivery (Brischoux et al., 2009;Matsumoto and
Hikosaka, 2009; Fiorillo et al., 2013a).
Moreover, recent studies have shown that the unfolding activ-
ity patterns of an individual dopamine neuron may also encode
multiple signals across different timescales. Some dopamine neu-
rons have been shown to exhibit a short-latency, brief phasic
response that correlates with reward value, followed by a slower
change in activity that scales with reward uncertainty (Fiorillo
et al., 2003). In other studies, dopamine cell firing may initially
code for the initial surprise and/or intensity of a stimulus before
evolving to signal themotivational value of an upcoming outcome
(Nomoto et al., 2010; Fiorillo et al., 2013b). The same population
of dopamine neurons may also come to reflect different parame-
ters of the local reward environment at different points in a trial
(Bromberg-Martin et al., 2010c).
In spite of the fact that dopamine transmission has often
been viewed as a regionally−homogenous reinforcement signal
broadcast to all terminal regions (Schultz, 2002), a range of
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dopamine release patterns has been observed in different striatal
sub-regions. For instance, changes in extracellular dopamine lev-
els measured with microdialysis in response to cues predicting
either reward or punishment, or to the receipt of reward or pun-
ishment itself, can be different in the NAc core or shell regions
(Ito et al., 2000; Pezze et al., 2001; Bassareo et al., 2002). The
same is also true for brief phasic changes in dopamine measured
at sub-second time resolution with fast-scan cyclic voltammetry,
with variations observed across different parts of the NAc (core
vs. shell) and dorsal striatum (Brown et al., 2011; Badrinarayan
et al., 2012). Whether these differences relate to the anatomical
diversity that was described above (Brischoux et al., 2009; Lammel
et al., 2011), patterns of afferent input to the dopamine cells in
the midbrain (Besson et al., 2012; Tolu et al., 2013), local influ-
ences on dopamine release from afferent input in the terminal
region (Floresco et al., 1998; Threlfell et al., 2012), differences in
the temporal resolution of electrophysiology compared to elec-
trochemistry and microdialysis (Schultz, 2007), or combinations
of all is an area of active research.
Taken together, all the above evidence demonstrates that the
dopamine system is able to reactively signal events of potential
significance, to reflect the discrepancy between current predic-
tions and the discounted sum of prospective rewards, and to
update these predictions as new information is acquired, which
are prerequisites of trial-and-error, model-free, associative learn-
ing. Even though the precise degree of heterogeneity of dopamine
cell responses remains contentious (Fiorillo et al., 2013b; Schultz,
2013), there are clearly diverse dopamine release patterns across
striatum. As we will go on to discuss, there is also increasing evi-
dence that the dopamine systems may not simply encode such
short-term information, butmay as well interact with other struc-
tures to allow stored information about task structure and moti-
vational parameters to influence dopamine release. This, we will
argue, may enable dopamine to provide a signal that influences
what to learn and how to behave in particular contexts.
DOPAMINE RESPONSES SCULPTED BY MEMORY AND MOTIVATION
While it is well known that, in agreement with RPE theories,
dopamine cell activity and dopamine release in the NAc adapts
during associative learning to reflect the earliest consistent pre-
dictor of future reward and experienced history of reinforcement
(Schultz, 1997; Nakahara et al., 2004; Flagel et al., 2011), it is also
apparent that dopamine in response to cues and outcomes can
be shaped by task structure and memory. For instance, dopamine
cell activity at the time of reward delivery scales to the potential
range of available outcomes signaled by a stimulus, with a similar
increase in activity across a 10-fold range of reward sizes (Tobler
et al., 2005). Moreover, after extensive training on tasks where the
consequences of one trial have direct impact on the likelihood of
reward in a subsequent trial (e.g., a deterministic reversal learn-
ing task where one option is always rewarded and the other not
or a sequential response task where one target is always rewarded
within a block of 4 trials), some dopamine neurons come to
represent values partially inferred from the overall reward struc-
ture rather than just from direct recent experience (Nakahara
et al., 2004; Bromberg-Martin et al., 2010b). In human fMRI
studies, ventral striatal/NAc BOLD signals have been shown to
incorporate information about task structure in the RPE signals
(Daw et al., 2011) and, intriguingly, it has recently been shown
that systemic L-DOPA enhances the use of such model-based
information (Wunderlich et al., 2012).
Studies of dopamine release in the striatum have also found
that training can selectively modulate transmission in different
regions. As discussed in an earlier section, unpredicted reward
given to naïve animals only caused increases in dopamine in
the NAc core region and not in the NAc shell, or the dorso-
medial or dorsolateral striatum. However, after training on a
simple cued instrumental task, now unpredicted reward did evoke
dopamine release in the dorsomedial striatum as well as the NAc
core (Brown et al., 2011). While this might just reflect an increase
in the number of dopamine neurons recruited following any
reinforced training, the fact that this occurred outside the task
structure suggests this change could instead relate to the fact that
reward has become a relevant event for guiding responding.
Decision parameters that drive dopamine transmission can
also be dissociably influenced by the amount of experience of the
task. In one recent study, rats were trained on a two-option deci-
sion making paradigm, where one option required a particular
amount of work to gain a particular size of reward and either
the work or reward of the alternative was systematically varied.
This meant that animals’ choices were either guided by a dif-
ference in the effort required to gain the reward (different cost,
same benefit) or by a difference in the eventual payoff for taking
a particular option (same cost, different benefit). In the “bene-
fit” conditions, dopamine release elicited when either of the two
options was presented consistently reflected the anticipated future
reward associated with that option. This cue-elicited effect was
unchanged over a range of testing sessions (Figure 1A). However,
a different pattern was observed in the “cost” conditions. Now,
differential dopamine release to the low as compared to the stan-
dard cost option was only recorded in early training, when the
change in effort was unexpected, but after several sessions of expe-
rience this difference disappeared (Gan et al., 2010) (Figure 1B).
This was not caused by any detectable differences in behavior
as the animals showed equal preference for the low effort and
the high reward options and continued to rapidly update their
responses when the cost-benefit contingencies changed across
sessions.
Exactly why and when dopamine adapts in response to the task
structure and what role dopamine plays in shaping learning of
task structure is currently a matter of some debate (Gershman
and Niv, 2010; McDannald et al., 2012; Nakahara and Hikosaka,
2012). In the cost-benefit study described above, one idea is that
NAc dopamine release is reflecting uncertainty over the temporal
statistics of reward delivery. In the cost conditions, even though
the cue-to-reward period varies according to the animals’ choice,
the overall average trial-to-trial reward rate is relatively static as
the inter-trial intervals (ITIs) were adjusted as a function of the
animals’ choices. Such a proposition is supported by recent evi-
dence from a Pavlovian task, which showed that NAc dopamine
adapts to the temporal variability of cue-reward pairings over
training. More specifically, cue-elicited dopamine decreased after
extensive presentation of the cue-reward associations, although
was then restored if the cue was unexpectedly presented at a
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FIGURE 1 | Cue-elicited dopamine release in NAc core during a
two-option decision making task. (A) Left panel: Average (mean +
s.e.m.) phasic dopamine release in NAc core elicited by cues signaling
availability of either a known low (2 pellets) or a high reward (4 pellets)
option for a fixed cost (16 lever presses) in rats who have either had little
(<9 sessions) or extended (≥9 sessions) experience with these
contingencies. Data taken from forced trials (where only one option was
available) after animals were choosing the high reward option on ≥75% of
choice trials. Contingencies changed every session so rats had to flexibly
update associations in each session. Right panel: Difference in cue-evoked
peak dopamine release between cues signaling high and low reward
options as a function of number of sessions in which they had experienced
these contingencies. There was no correlation between experience of
dopamine-based benefit encoding. (B) Left panel: Same as (A) except now
the benefit was fixed (2 pellets) and the cost varied across options (low
effort = 2 lever presses; high effort = 16 lever presses). Right panel: Same
as (A) for high and low effort costs. Now there was a significant reduction
in dopamine cost encoding as a function of experience. n.s. differences not
significant; ∗significant at p < 0.05. [adapted from Gan et al. (2010)].
shorter ITI (Clark et al., 2013). A second, related idea is that,
while dopamine may preferentially encode the anticipated ben-
efits of a course of action, there may also be an initial boost in
dopamine release to any unpredicted, uncertain event to motivate
exploration and investigation of that option (Kakade and Dayan,
2002; Phillips et al., 2007; Walton et al., 2011). Once a settled pat-
tern of responding has been established in a stable environment,
however, the NAc dopamine signal may not be required to sustain
performance.
All of the above studies have looked at how dopamine is
shaped by learned or inferred predictions of proximal rewards.
However, it is important to remember that dopamine trans-
mission is also strongly affected by motivational state. While
food reward consistently increases dopamine efflux in hungry
animals, the effect is much reduced in sated rats (Wilson et al.,
1995; Bassareo and Di Chiara, 1999). This effect appears specific
to sensory properties of a particular food as while there is no
increase in dopamine levels in the NAc measured with micro-
dialysis when presented a food type that had previously been
consumed, dopamine efflux in this situation still occurs when
given a novel foodstuff (Ahn and Phillips, 1999). Such effects
may reflect an important modulatory role of peptides such as
insulin, leptin, and ghrelin, which act on neurons in the VTA
and regions that target the VTA such as the lateral hypothalamus
and can therefore affect dopamine transmission (Abizaid, 2009;
Domingos et al., 2011; Mebel et al., 2012).
Dopamine transmission is also sensitive to distal post-ingestive
effects, such as the nutritional, calorific and metabolic conse-
quences of particular rewards (de Araujo et al., 2008). Therefore,
while unexpected receipt, or cues signaling the impending deliv-
ery, of sucrose pellets consistently evokes dopamine release, this
is attenuated when a sweet but calorie-free saccharine reward is
used instead (Beeler et al., 2012; McCutcheon et al., 2012). Again,
it is likely that these effects may be heterogeneous across the
striatum depending on task and on the nutritional content. In
recent studies looking at the effects of direct, intra-gastric infu-
sions of fat (i.e., bypassing the taste receptors entirely), dopamine
levels increased in dorsal striatum whereas NAc core dopamine
decreased as a function of fat density (Ferreira et al., 2012).
However, it remains to be determined whether dopamine levels
update to reflect an inference about how behavior should be pri-
oritized given an animal’s current motivational state or instead
are only altered after experiencing a particular food in a particular
motivational state.
These motivational influences on dopamine are intriguing as
they demonstrate that dopamine transmission can be modu-
lated by distal, as well as proximal, consequences of reinforcers,
which poses an extreme credit assignment problem given the time
that must elapse between the predictive cues, ingestion and the
metabolic effects of these rewards. More importantly, they also
act as a reminder that theories of dopamine-mediated reinforce-
ment learning and behavior should incorporate motivational
parameters. An interesting possibility is that such a mechanism
could underpin the seemingly paradoxical decisions that have
been observed in the foraging literature where animals’ choices
depend on memory for context-dependent utility (Pompilio and
Kacelnik, 2010).
DOPAMINE, SYNAPTIC PLASTICITY, AND LONG-TERM MEMORY
In the previous section, we detailed evidence that dopamine
transmission is influenced by memory of reward structure and
motivational context. However, it is also important to remem-
ber that dopamine has also been implicated directly in long-term
memory processes themselves. Long-term potentiation (LTP) and
long-term depression (LTD) are thought to be critical at the cellu-
lar level to underlie memory formation and long-lasting changes
in synaptic plasticity (Kandel, 2001). Dopamine has been identi-
fied as a strong modulator of these cellular adaptations (Wickens,
2009; Lovinger, 2010). For instance, D1 antagonists block the
induction of LTP in striatum (Kerr and Wickens, 2001) and both
D1 and D2 receptors appear necessary for striatal LTD (Calabresi
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et al., 1992). Dopamine is also required to enable spike-timing
dependent LTP or LTD in dorsal striatum (Pawlak and Kerr,
2008). Indeed, it is likely that the precise timing of dopamine
transmission at striatal synapses has a significant effect on the
direction of plasticity (Wickens, 2009).
At the molecular level, strengthening synapse communication
is critical in setting up a network supporting both the acquisi-
tion and the recall of a particular learning experience. This relies
on the co-release of glutamate and dopamine at target synapses.
D1-like and D2-like receptor activation leads to the activation
of two competing molecular pathways. While D1 receptors are
coupled with a Gαs protein which positively modulates adeny-
late cyclases, D2 receptors are coupled with a Gαi protein which
inhibits adenylate cyclases (Siegel et al., 1999; Hyman et al., 2006).
Adenylate cyclases are responsible for the activation of various
protein kinases and molecular cascades, which lead to activa-
tion of transcription factors (e.g., the phosphorylated form of the
cAMP response element binding protein, pCREB) which in turn
induce the transcription of immediate early genes (e.g., c-fos). The
resulting proteins underlie the systemic consolidation necessary
for long-term memory storage and recall (Huang and Kandel,
1995; Frankland and Bontempi, 2005).
Much of the work looking at the role of dopamine in mem-
ory formation, consolidation and recall at a behavioral level has
concentrated on the effects of direct hippocampal dopamine
interference (Bethus et al., 2010), which largely goes beyond
the scope of this review. However, there are some findings that
also imply a role for striatal dopamine itself in the encoding
and consolidation of memories. It has been known for a while
that dopamine-dependent potentiation of corticostriatal synap-
tic efficacy correlates with the speed of acquisition of intracranial
self-stimulation, which in essence provides a cellular correlate of
the standard, short-term reinforcement learning described in ear-
lier sections (Reynolds et al., 2001). However, there are also some
more unexpected reported effects of post-training dopamine
manipulations on reinforcement that occur long after reward
receipt. For instance, Dalley and colleagues reported that infu-
sion of either a D1 or NMDA antagonist into the NAc given
after a Pavlovian conditioning experiment blocked acquisition
of autoshaping responses (Dalley et al., 2005). Similarly, in an
inhibitory avoidance task, post-training injection of dopamine in
the NAc shell, but not the NAc core, enhanced the retention of the
conditioning (LaLumiere et al., 2005).
These studies indicate that dopamine’s reinforcing effect can
be temporally dissociated from the receipt of reward. Moreover,
dopamine may even play some role in consolidation of memo-
ries for unreinforced items, similar to the way in which dopamine
is activated in response to the presentation of novel stimuli.
Dopamine lesions to the NAc core, but not to the shell, impaired
a familiarity discrimination test with objects 24 h after the initial
presentation, and NAc shell (and core to some extent) dopamine
lesions affected location familiarity responses (Nelson et al.,
2010).
INTERIM SUMMARY: DOPAMINE ACROSS THE TIMESCALES
In the above sections, we have described how dopamine acts
at both short- and long-term timescales. Its most well defined
function is that it allows the detection of discrepancies between
predictions and outcomes at the time of an event. At a cellu-
lar level, dopamine also plays an important role in the storage
of past experiences into memory. However, it is also becoming
increasingly clear that all of these effects can be shaped by mem-
ory, motivation and internal state. Dopamine cannot be described
as providing a homogeneous reinforcement signal as dopamine’s
role in these processes are clearly both site- and task-specific, with
effects in a particular striatal region dependent on the state of the
environment and of the animal.
In the next sections, we will build on these points to outline a
possible framework that might help explain how phasic dopamine
can function at different timescales. In particular, we will focus on
two main aspects: (1) the behavioral consequences of dopamine
release in striatal regions, and (2) the function of the anatomical
networks in which these striatal regions are embedded and how
dopamine might facilitate selection of one system over another.
DOPAMINE TRANSMISSION, LEARNING, AND STRATEGY
SELECTION
DOPAMINE TRANSMISSION ACROSS THE STRIATUM
A critical issue when considering the role of dopamine concerns
the question of what behavioral effect heterogeneous dopamine
transmission has in different terminal regions. As has been dis-
cussed above, dopamine cell activity in many circumstances
correlates highly with RPE signals. However, dopamine release
in terminal regions in these situations suggests a role beyond a
passive process of learning.
Across a range of studies, dopamine in the NAc, particu-
larly in response to cues—and particularly in the core region—is
required to activate animals to engage in a behavioral response.
For instance, dopamine is only required to learn about cue-
reward relationships in situations where cues acquire Pavlovian
incentive values, which thus promote approach behavior, rather
than simply being predictors of reward (Di Ciano et al., 2001;
Dalley et al., 2002; Flagel et al., 2011). Similarly, dopamine trans-
mission in cued decision making tasks seems strongly tied to the
advantageous response elicited by a cue, whether to gain reward
or avoid punishment, rather than just the predictive cue itself, and
in some situations, can be elicited by an internal drive to respond
in the absence of any external stimulus (Roitman et al., 2004; Yun
et al., 2004; Oleson et al., 2012; Wassum et al., 2012). At least
for the NAc core, this may be in the form of a general motiva-
tional drive rather than a representation of the particular sensory
properties of the outcome. Lesioning the NAc core or blocking
D1 receptors in this region disrupts general motivational arousal
associated with cues during Pavlovian-instrumental transfer, but
the former manipulation has no effect on outcome-specific ver-
sions of this task (Lex and Hauber, 2008; Corbit and Balleine,
2011).
In both Pavlovian and cued instrumental situations, dopamine
may only be critical when there is some uncertainty or novelty
about the environment, whether in terms of the consequences
associated with a choice or the particular actions required to
obtain a reward (cf. Nicola, 2010). This is not to say that NAc
dopamine plays any direct role at the time of a choice in guid-
ing the selection of one alternative over another. Several different
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studies have shown now that phasic dopamine reflects the antic-
ipated future benefit of whatever option will be chosen, even in
cases where this is not the most valuable available option (Morris
et al., 2006; Walton et al., 2011, but see Roesch et al., 2007).
Instead, phasic release in NAc may play two complemen-
tary roles: first, to act to energize animals to engage with a
response based on its anticipated cached value, especially in sit-
uations when the environment changes and reward associations
need to be updated; and, second, to enable them to learn about
behaviorally-relevant consequences associated with cues in the
environment (Phillips et al., 2007; Nicola, 2010; Walton et al.,
2011). Although NAc dopamine is required to promote reward
seeking even in the most simple Pavlovian situations, little is
currently known about how this occurs in more complex, nat-
uralistic environments where there are multiple potential cues
and an unknown range of potential outcomes and it is neces-
sary to determine which parameters are useful to guide behavior.
Although we know of no studies to date that have directly inves-
tigated this issue with respect to NAc dopamine signaling, there
is some recent evidence from fMRI that the ventral striatum/NAc
might play an particular role in extracting information relevant
for learning about reward (Klein-Flugge et al., 2011). In this study,
participants underwent Pavlovian conditioning using stimuli that
varied trial-by-trial in both their associated reward magnitude
and the delay-to-reward. Interspersed were instrumental timing
estimation trials where they had to predict when (but not what
size) reward would appear in order to accumulate points that
determined how much money they would receive for participat-
ing. While both precise reward magnitude and timing prediction
errors were observable in the midbrain, as predicted by temporal
difference learning models, ventral striatum/NAc BOLD signals
only reflected the timing RPE signals required to guide subsequent
choices and not the task-irrelevant reward RPE signals. Future
studies will be needed to determine if these BOLD signal changes
are driven by dopamine transmission. However, it may be that
NAc core dopamine only signals a subset of relevant events, play-
ing a particular role in motivating animals to learn strategies to
improve their current state. As we will discuss in a later section,
phasic NAc dopamine does not seem to be required when sim-
ply switching behavior to maintain a previous state (i.e., in most
reversal tasks) (Haluk and Floresco, 2009).
Inspite of there being a number of examples showing that the
patterns of rapid dopamine release are frequently divergent in
the NAc core and shell, the function of dopamine in the latter
structure is not yet clear. There is some evidence for a poten-
tial role of NAc shell in spatial processing, with infusions of a
dopamine antagonist decreasing place conditioning but not cue
conditioning (Ito and Hayen, 2011) and with dopamine efflux
here being influenced by projections from ventral hippocampus
(Legault et al., 2000). However, this seems unlikely to define its
primary function given that there are many events distinct from
spatial context that elicit NAc shell dopamine transmission and,
in fact, the ventral hippocampus is arguably also more concerned
with emotional responses to uncertainty, conflict detection and
response inhibition than with spatial processing (Bannerman
et al., 2004; Abela et al., 2013). Instead, it seems possible that
NAc shell dopamine is important for signaling the occurrence
of novel and potentially salient events, particularly in the case
when there is ambiguity over the cause of that event. Tuning
down NAc shell dopamine when uncertainty is resolved might
facilitate an appropriate allocation of attention to the environ-
ment only to behaviorally relevant events. In partial support of
this idea, it is notable that, while the NAc core (and NAc core
dopamine), but not the NAc shell, has been implicated as being
critical for beneficial choice behavior where there is guaranteed
reward for any response (for example, effort- or delay-based
decision making), the shell region appears to play a more crit-
ical role than the core region in biasing decisions when there
is uncertainty about reward (Sokolowski and Salamone, 1998;
Ghods-Sharifi and Floresco, 2010; Stopper and Floresco, 2011).
Intriguingly, there is some evidence suggesting that NAc core and
shell dopamine might play complementary and possibly antag-
onistic functions in some circumstances (Ito and Hayen, 2011),
which may reflect the degree to which the overall statistics of the
environment are known and how responses are being allocated.
Compared to the mesolimbic pathways to NAc, the nigrostri-
atal dopamine projections to dorsal striatum have been tied more
closely to action selection and action reinforcement. Nonetheless,
there is likely no simple, neat divide between the motivational
and motor components of dopamine-dependent behavior, not
least as the activity of many putative dopamine cells in both
substantia nigra pars compacta and VTA correlates with RPE sig-
nals (Everitt and Robbins, 2005; Wise, 2009). It is known that
dopamine in dorsomedial striatum is necessary to detect the
contingency between actions and their consequences (Lex and
Hauber, 2010) and, like in the NAc, dopamine levels also track
the acquisition of a reinforced instrumental action and are sensi-
tive to satiety (Ostlund et al., 2011). However, compared to NAc,
where DA release appears to energize a decision policy selected
elsewhere, there is also some evidence that DA in dorsal striatum
may directly bias the choices to be made, particularly when there
is evidence of a requirement to change behavior. Selective stimula-
tion of the D1- or D2-receptor expressing striatal neurons during
a probabilistic decision making task in this region can increase
the incidence of a contralateral or ipsilateral action respectively
following an unrewarded action (Tai et al., 2012).
Therefore, while there may be a common role of dopamine
release across the striatum in helping reduce ambiguity through
motivating cue-driven behavior or detecting the consequences of
a novel event or response (Costa, 2007; Redgrave et al., 2008), the
effect of dopamine transmission will be shaped by the properties
of the terminal region and the networks in which this region is
embedded. To explore this further, in the next sections, we will
consider some examples of how and why this might occur, with a
particular focus on NAc dopamine.
DOPAMINE, STRATEGY SELECTION, AND BEHAVIORAL RELEVANCE IN
COMPLEX CHANGEABLE ENVIRONMENTS
In naturalistic situations, the environment consists of multiple
cues and there are multiple potential responses that could be
made at any one time, the relevance of which change constantly
over time. Consequently, a foraging animal will need to rely on
different cues to locate food depending on its availability at a
particular time, its current motivational requirements and the
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environment in which the animal is operating, and to update
its search strategy accordingly. These various cues and their rela-
tions to outcomes can be learned through experience and then
retrieved from memory to guide behavior efficiently when the
animal is again faced with comparable situations in the future.
As we discussed in the previous sections, as well as being impor-
tant for learning cue- and response-outcome associations through
trial-and-error, dopamine transmission can be sculpted by expe-
rience and therefore may be critical to guide when and how stored
memories are used and updated when the environment changes.
To enable appropriate learning decision and decision making to
take place, general rules can be established to facilitate trial-and-
error learning to which exceptions are then added. We would
contend that dopamine is involved in these learning and mem-
ory processes by playing a key role in guiding the initial search
strategy when environmental contingencies are uncertain, putting
the neural network in a state to learn about the consequences of
choices, and also in determining when to reactivate parts of this
network when encountering novel situations for which previously
acquired strategies may be useful.
One prominent brain structure candidate for supporting the
switch between updating current estimates of the world, using a
previously stored memory or starting new learning is the NAc.
Haluk and Floresco (2009) have argued that dopamine in the
NAc is not required simply to update behavior when contin-
gencies reverse, but is instead key to allow the shifting from a
cue-driven response strategy, where spatial location is irrelevant,
to a spatially-guided response strategy, where the cue location
now should be ignored. They showed that either pharmacolog-
ical blockade of NAc D1 receptors or stimulation of D2 receptors
impairs this type of strategy shift. Interestingly, the D1 receptor
antagonist had no comparable effect when the response strategy
was simply reversed, demonstrating that there is not some general
role of NAc phasic dopamine in altering choice strategies when
there is no change to the overall reward statistics of the environ-
ment. In a separate study, it was demonstrated that NAc tonic
dopamine levels also markedly increase when rats switch between
response strategies, much more so than when initially acquiring
the task, as well as in control conditions where the reward contin-
gencies are deliberately kept uncertain (Stefani and Moghaddam,
2006).
Although Haluk and Floresco describe one of their condi-
tions as requiring a “spatial response strategy,” the navigational
component in an operant chamber is necessarily sparse and in
other settings, such as a water maze (McDonald andWhite, 1994;
Porte et al., 2008), the radial arm maze or a Y-maze, an ego-
centric response strategy can be dissociable from an allocentric
spatial one. In many naturalistic situations, spatial-, response-,
and cue-learning will not necessarily proceed independently and
the predictive value of each will have to be weighed up against one
another, with the optimal choice strategy obviously dependent on
the particular task environment. As well as competing for con-
trol, these systems may also cooperate during the initial stages of
learning (White and McDonald, 2002). Several lines of evidence
suggest that partially separate frontal-striatal-temporal networks
underpin these different forms of learning and also guide which
should be used to guide behavior (White and McDonald, 2002;
Porte et al., 2008). Therefore, a key open question in the frame-
work of the current review is to try to pinpoint how dopamine in
these interconnected networks may guide attention to the appro-
priate parts of the environment in order to make advantageous
foraging choices.
Other than Haluk and Floresco (2009), few studies to date
have directly tried to address how dopamine might help arbi-
trate between spatial- and cue-guided behavior. The first clue
came from the work of Packard and White (1991) in which they
manipulated dopamine after training their animals in either a
“win-shift” or “win-stay” task, which they had previously shown
to depend on the hippocampus or caudate nucleus, respectively.
They found that immediate post-training injection of dopamine
agonists in the dorsal hippocampus selectively improved win-shift
retention whereas injections into the posterior ventrolateral cau-
date nucleus improved the acquisition of the win-stay task. They
argued that dopamine acts to modulate the functioning of the
structure into which it is infused and potentially acts to reduce
the interference of one strategy over another in the early stage of
learning that can slow down the acquisition of the task (Packard
and White, 1991).
Recently, Baudonnat et al. (2011) also investigated how dif-
ferent types of reward influence the selection and acquisition of
learning strategies. Initially, they showed that mice were able to
learn whether to use spatial location or intramaze visual cues to
guide decision-making in a Y-maze when correct choices were
reinforced with natural (food) reward (Figures 2A,B). As dis-
cussed in a previous section, it is well known that unpredicted
reward drives phasic dopamine and that dopamine transmission
at target synapses can induce the activation ofmolecular pathways
leading to CREB phosphorylation and modification of synaptic
strength (Dudman et al., 2003). Therefore, in order to investigate
the cellular mechanism involved in the different types of learning,
they measured pCREB levels in different candidate brain regions
after the last behavioral testing session. Similar to the study by
Packard and White (1991), pCREB was found to be specifically
increased in the hippocampus after acquiring the spatial task
whereas the increase was mainly present in the dorsal striatum
after the cued task. By contrast, pCREB was highly expressed in
the NAc independently of the task type (Figure 2C).
The above example demonstrates the cellular effects in
hippocampus—dorsal striatum—NAc regions during appropri-
ate reinforcement learning. However, drugs of abuse can also
pharmacologically hijack the dopamine system and result in
maladaptive patterns of behavior. To determine how an excess
of dopamine might affect learning strategies, Baudonnat and
colleagues carried out the same Y-maze experiment except
that instead of receiving food reward for correct responses,
the mice received intra-VTA injections of morphine, which
has been shown to disinhibit dopamine neurons and induce
dopamine release in target structures (Matthews and German,
1984; Johnson and North, 1992; Nugent et al., 2007; Baudonnat
et al., 2011). While the animals learned the cued version of the
task at a comparable rate with either natural or pharmacological
reward, mice reinforced with morphine were unable to acquire
the spatial strategy (Figure 2B). pCREB staining demonstrated
that morphine given for correct responses caused increased
www.frontiersin.org October 2013 | Volume 7 | Article 175 | 7
Baudonnat et al. Dopamine and behavioral relevance
FIGURE 2 | Effects of natural and pharmacological reinforcers on the
acquisition of cue- and spatially-guided learning strategies. (A, B) Left
panels depict schematics of a cue-guided (A) and a spatially guided (B)
version of a Y-maze decision making task. Correct responses were guided
either by intramaze visual cues or by spatial location, respectively, and
were reinforced in separate groups of mice by either food reward or
intra-VTA morphine infusions. Control mice received intra-VTA aCSF
infusions and no food reward at the “correct” location. Middle panels
depict choice performance on the 10th day of training on the respective
task (chance performance = 50%, marked with dashed line). Right panels
depict pCREB levels measured in NAc, dorsal striatum (DS), and the
hippocampus (HPC) of food- and morphine-reinforced mice after 10 days of
training on the cued (A: upper) or the spatial (B: middle) version of the
Y-maze task, normalized to pCREB levels observed in aCSF controls. (C)
Relative changes in pCREB levels in HPC, NAc, and DS after training on
the spatial as compared to the cued task (cued task pCREB = 100%,
dashed line). (D) Left: Effect of daily intra-DS injection of either the PKA
inhibitor Rp-cAMPS or aCSF on the spatial version of the Y maze in
morphine reinforced mice. Left: Choice performance on the 10th training
day. Right: pCREB levels measured in NAc and HPC after 10 days of
training on the spatial task in morphine-reinforced mice that received
intra-DS injections of Rp-cAMPS, normalized to morphine-reinforced aCSF
controls (dashed line). n.s. differences not significant, *significant at
p < 0.05. [adapted from Baudonnat et al. (2011)].
dopamine-related plasticity in both the NAc and the dorsal stria-
tum in both tasks but was correlated with a marked decrease
in pCREB expression in dorsal hippocampus in the spatial task
compared to when reinforced with food.
One possibility was that the increase in dorsal and ventral
striatal dopamine release originating from the intra-VTA mor-
phine injection, even to predicted rewards, would bias choices
to be driven by striatal networks at the expense of hippocam-
pal ones. In support of this hypothesis, inhibition of the pro-
tein kinase A pathway in the dorsal striatum, thus potentially
down-regulating the consequences of drug-induced dopamine
transmission, enabled mice to learn the spatial task even with
intra-VTA morphine as the reward and restored pCREB expres-
sion in the hippocampus (Figure 2D).
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This study leaves open several interesting questions concerning
how exactly dopamine transmission might dynamically regulate
how learning and attention are flexibly allocated and what the
longer-term behavioral consequences of this type of dopamine-
driven synaptic plasticity might be when there are multiple
potential strategies to guide foraging choices. Nonetheless, it
clearly demonstrates that different reinforcers, and by extension
dopamine transmission, can have a strong influence on the acqui-
sition and consolidation of an appropriate choice strategy, and
which brain regions/systems are prioritized during decision mak-
ing. Similarly, it also shows that the parameters of normal reward-
guided dopamine release and the resulting dopamine-mediated
synaptic plasticity are critical to allow the correct information to
be identified and retained. Thus, modulation of the magnitude
and timing of dopamine release may be key to allowing animals
to determine when to use, update or discard past experience when
encountering novel situations.
TEMPORAL LOBE INFLUENCES ON DOPAMINE TRANSMISSION
DURING LEARNING AND STRATEGY SELECTION
In the previous sections, we have tried to highlight the fact
that short- and more long-term dopamine-dependent processes
are not mutually exclusive but instead are mutually interact-
ing in order to produce adaptive behavior. Moreover, dopamine
transmission in target structures can be locally modulated and
may therefore act locally to facilitate acquisition and selection of
appropriate foraging strategies. What is not yet clear is: (1) how
dopamine transmission affects the way in which potentially com-
peting networks for valuation and behavior are selected; and (2)
how dopamine release in terminal regions and afferent modula-
tors of dopamine transmission interact to signal the current state
of the world. In the remainder of this review, we will briefly out-
line some ideas about these processes. Specifically, we will focus
on how dopamine transmission may interact with hippocampal
circuits through the midbrain and NAc in a bi-directional man-
ner to allow us to learn and behave appropriately in uncertain and
changing environments.
As briefly discussed in a previous section, there are strong
inputs from the hippocampus into the NAc in both rats and pri-
mates (Brog et al., 1993; French and Totterdell, 2002; Friedman
et al., 2002), particularly—though not exclusively—from ven-
tral hippocampus to the medial NAc in primates/NAc shell in
rodents (NB. the core and shell are difficult to characterize
based on cytoarchitecture in primates). In rodents, some of these
synapses may converge with amygdala and medial frontal cortex
inputs (French and Totterdell, 2002, 2003) and may predomi-
nantly target NAc medium spiny neurons associated with the
direct pathway (MacAskill et al., 2012). These circuits are also
involved in the regulation of VTA DA neuron firing and excitabil-
ity (Floresco et al., 2001; Lodge and Grace, 2006). Grace et al.
(2007), in particular, have highlighted the potential importance
of the hippocampus—NAc—ventral pallidum—VTA circuit for
altering the activity states of midbrain dopamine neurons, which
can therefore act to gate glutamate-driven burst firing. By exten-
sion, the modification of the basal activity of DA neurons makes
them more likely to produce phasic burst firing when a novel
event is detected or when a reward-predictive cue is presented
(Grace et al., 2007; Aggarwal et al., 2012). However, this loop
is not the only one involved in regulating VTA DA neuronal
activity. Several hippocampal—VTA networks, coexisting via dif-
ferent relays in the brain (such as the lateral septum), modulate
dopamine cell activity, along with multiple other pathways from
cortical regions such as the orbitofrontal and medial frontal cor-
tex (Lodge, 2011; Luo et al., 2011). The precise contribution of
the inputs to midbrain dopamine cells or the afferents to striatal
regions targeted by dopamine fibers to patterns of local dopamine
release remains to be determined.
How might these circuits facilitate learning and adaptive for-
aging through NAc dopamine? As we described in the previous
sections, phasic dopamine release in the NAc appears not only to
correlate with predictions of future rewards and deviations from
these predictions, but can also be driven by novel stimuli, shaped
by uncertainty about the structure of the environment and about
what information should be used to guide choices, and modi-
fied by motivational state and the post-ingestive consequences
of reward. At a behavioral level, dopamine release, particularly
in the NAc core, can promote approach behavior to cues in the
environment, though is unlikely to play a leading role in setting a
behavioral policy. Moreover, though dopamine release in NAc in
response to both reward-predicting cues and unexpected reward
may often be formally consistent with an RPE (i.e., both signal a
deviation from a past prediction of future rewards based on newly
received information), the two signals may in fact be regulated
via dissociable processes (Wanat et al., 2013). This potentially
allows for separable influences of afferent structures on cue- and
outcome-driven dopamine transmission.
While the main function of the hippocampus is often
described in terms of spatial memory, there is also an extensive
literature demonstrating that this brain structure also plays a key
role in encoding the predictability and regularity of events as well
as signaling mismatches or conflicts in the incoming information
(Honey et al., 1998; Gray and McNaughton, 2000; Strange et al.,
2005; Kumaran and Maguire, 2007; Sanderson and Bannerman,
2012; Schapiro et al., 2012). Given the anatomical and functional
connections between the hippocampus, dopaminergic midbrain
and the NAc, there is the possibility that these circuits interact
dynamically not only to detect novelty, but also to determine the
behavioral relevance of a new ambiguous cue or environment. One
way this might occur is through hippocampal modulations of
outcome-driven dopamine release (how surprising is a cue given
the current state of the environment and how unexpected is the
outcome given past expectations in this state), which in turn can
influence synaptic plasticity and the efficiency with which par-
ticular inputs to the NAc can affect activity in this region (see
Floresco, 2007). This may well be a bi-directional mechanism,
with deviations in stimulus-surprise (associative or contextual
novelty) being directed from hippocampus to influence mesolim-
bic dopamine release and the magnitude of outcome-surprise
signaled by the extent of NAc dopamine release, which is then
directly or indirectly communicated to temporal lobe structures.
For instance, as suggested by Gershman, Niv and colleagues in
a series of papers (Gershman et al., 2010; Gershman and Niv,
2010), the magnitude of an RPE signaled by dopamine release
might be used to indicate whether or not an environment has
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fundamentally changed and therefore whether previous choice
strategies should be updated, consolidated or discarded in favor
of a new state. Therefore, if there is an abrupt change in reward
contingencies (for instance, going from a seldom-reinforced to
a fully-reinforced situation), the consequent sudden change in
outcome-driven dopamine could provide a signal in terminal
regions that the animal is in a new context (or new task state, in
reinforcement learning terms) and should therefore not integrate
the new evidence with past events but should instead treat them
as separate situations and start learning anew.
These anatomical loops can therefore potentially account for
the effect of dopamine in both short-term encoding of reward
associations and longer-term memory recall and updating. The
presentation of a familiar situation can cause the re-activation of
the memory related to this state. At this time point, the pattern of
the cue-outcome contingencies within a behavioral strategy will
be critical as to whether thememory is used, updated or discarded
because of the labile nature of a re-activated memory (Kuhl
et al., 2010). Therefore, by acting in concert, hippocampus –
NAc – dopamine circuits could allow organisms not only to work
out what cues are relevant in the environment, but also, when
faced with a seemingly familiar situation, to determine whether
or not to generalize based on stored experience (Shohamy and
Wagner, 2008; Wimmer et al., 2012). Specifically, through sig-
naling how similar the current state of the environment is to
stored associations—the cues and context via the hippocampus
and accompanying reward contingencies via dopamine—these
circuits may signal when to integrate separate events if there are
statistical regularities between them or, by contrast, when to sep-
arate memories and promote new reinforcement learning if there
are notable discrepancies.
However, as well as shaping learning and strategy selection,
another potential key role of the hippocampus may be the mod-
ulation of dopamine-dependent Pavlovian approach behavior
by suppressing inappropriate choices or facilitating exploratory
responses. Several lines of evidence suggest that one output of
hippocampal computations may be to inhibit ongoing behavior
in order to prevent impulsive, disadvantageous behavior (Gray
and McNaughton, 2000; Mariano et al., 2009; Bannerman et al.,
2012; Abela et al., 2013). Therefore, in situations, for instance at
times of uncertainty, where there is conflict over which cues in
the environment are most relevant to guide behavior or where
a superficially tempting option should be resisted in order to
obtain a larger benefit in the future, the hippocampus may act
as a regulator of NAc dopamine transmission, reducing the like-
lihood of a prepotent cue-driven response being elicited before
the potential future consequences are considered. Consistent with
this, Floresco and colleagues found that preventing hippocampal
afferents from interacting with NAc dopamine transmission using
an asymmetric disconnection procedure caused rats to inappro-
priately return to previously sampled arms in a foraging task,
suggesting that these circuits are required to suppress previously
reinforced spatial behaviors (see Floresco, 2007). Conversely,
novelty-induced dopamine release to unexpected cues with no
current reward associations could provide the motivational drive
for animals to approach such a cue in order to gain information
about its significance.
In summary, by influencing dopamine transmission in the
NAc, the hippocampus can help the dopamine system to:
(1) shape appropriate behavior toward the behaviorally- and
motivationally-relevant elements of the environment, (2) code
the degree of uncertainty between cue-outcome relationships,
and (3) elicit molecular cascades strengthening or weakening the
re-activated network. Consequently, any novel cue-outcome asso-
ciation can either be integrated in an existing memory or new
memories can be laid down instead.
CONCLUSION
In this review, we have tried to illustrate: first, how dopamine
release is not only critical for learning but also to motivate
animals to learn about the world at times of uncertainty;
second, how past experience can shape dopamine-dependent
learning; and, third, how dopamine might play a role not
only in the initial learning of cue-reward associations but
also in determining when to use stored experience and also
when to consolidate associations between stimuli and out-
come into memory. Furthermore, we have gone on to sug-
gest ways in which the hippocampus might interact with
NAc dopamine to facilitate these processes and to enable ani-
mals to react to what is behaviorally relevant in the given
environment.
As is common with most comparable reviews, we gladly
acknowledge that there are still many details that remain to
be fleshed out and many complexities that have been glossed
over for the sake of coherence. For instance, throughout, we
have concentrated mainly on phasic dopamine release at the
expense of slower tonic changes (although the two are likely
related). As was discussed in an earlier section, even at the
“slow, phasic” timescale (∼0.5–10 s post-event) dopamine activ-
ity can evolve over time to represent several different parame-
ters. Similarly, quite how different regions of the hippocampus
interact with dopamine transmission across different parts of
the striatum during learning and behavior remains to be deter-
mined. We would contend that a general computation might
be shared across structures (for instance, determining statisti-
cal regularities of events and inhibiting ongoing behavior when
there is conflict, for the hippocampus), even if the specific infor-
mation provided by, for instance, ventral hippocampus to the
NAc shell region may be different to dorsal hippocampus and
NAc core.
Finally, while we have focused on hippocampus—VTA—NAc
loops for simplicity, it is improbable that other temporal and
frontal lobe regions are not also required to enable these pro-
cesses to work optimally. For instance, orbitofrontal cortex, which
receives hippocampal input and projects to the VTA, has been
shown to provide input to allow dopamine cells to disambiguate
similar states (for instance, being in a reward port following a
choice), particularly when there is a delay between a choice and its
consequences (Takahashi et al., 2011). Basolateral amygdala can
also attenuate NAc cue-driven dopamine (Jones et al., 2010). How
different nodes in this network interact to generate appropriate
learning and behavior will be key questions to be addressed over
the coming years in order to enable us to understand these pro-
cesses in the complex, changeable and uncertain environments
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within which we live. Our hope is that, by investigating these net-
works more deeply and their interactions with dopamine release
at different timescales, we may gain new insights to understand
pathologies related to dopamine dysfunction such as schizophre-
nia where learning and behavior can become unconstrained by
the parameters of the local environment.
ACKNOWLEDGMENTS
This work was supported by a Wellcome Trust Research Career
Development Fellowship to Mark E. Walton. The authors would
like to thank David Bannerman for valuable input about hip-
pocampal function and David Dupret for discussions on neu-
roanatomy.
REFERENCES
Abela, A. R., Dougherty, S. D., Fagen,
E. D., Hill, C. J., and Chudasama,
Y. (2013). Inhibitory control
deficits in rats with ventral hip-
pocampal lesions. Cereb. Cortex
23, 1396–1409. doi: 10.1093/
cercor/bhs121
Abizaid, A. (2009). Ghrelin and
dopamine: new insights on
the peripheral regulation of
appetite. J. Neuroendocrinol. 21,
787–793. doi: 10.1111/j.1365-
2826.2009.01896.x
Adamantidis, A. R., Tsai, H. C., Boutrel,
B., Zhang, F., Stuber, G. D., Budygin,
E. A., et al. (2011). Optogenetic
interrogation of dopaminer-
gic modulation of the multiple
phases of reward-seeking behavior.
J. Neurosci. 31, 10829–10835. doi:
10.1523/JNEUROSCI.2246-11.2011
Aggarwal, M., Hyland, B. I., and
Wickens, J. R. (2012). Neural con-
trol of dopamine neurotransmis-
sion: implications for reinforce-
ment learning. Eur. J. Neurosci.
35, 1115–1123. doi: 10.1111/j.1460-
9568.2012.08055.x
Ahn, S., and Phillips, A. G. (1999).
Dopaminergic correlates of sensory-
specific satiety in the medial pre-
frontal cortex and nucleus accum-
bens of the rat. J. Neurosci. 19, RC29.
Badrinarayan, A., Wescott, S. A.,
Vander Weele, C. M., Saunders, B.
T., Couturier, B. E., Maren, S., et al.
(2012). Aversive stimuli differen-
tially modulate real-time dopamine
transmission dynamics within
the nucleus accumbens core and
shell. J. Neurosci. 32, 15779–15790.
doi: 10.1523/JNEUROSCI.3557-
12.2012
Bannerman, D. M., Bus, T., Taylor, A.,
Sanderson, D. J., Schwarz, I., Jensen,
V., et al. (2012). Dissecting spatial
knowledge from spatial choice by
hippocampal NMDA receptor dele-
tion. Nat. Neurosci. 15, 1153–1159.
doi: 10.1038/nn.3166
Bannerman, D. M., Rawlins, J. N.,
McHugh, S. B., Deacon, R. M.,
Yee, B. K., Bast, T., et al. (2004).
Regional dissociations within
the hippocampus–memory and
anxiety. Neurosci. Biobehav. Rev.
28, 273–283. doi: 10.1016/j.
neubiorev.2004.03.004
Bassareo, V., De Luca, M. A., and
Di Chiara, G. (2002). Differential
expression of motivational stimulus
properties by dopamine in nucleus
accumbens shell versus core and
prefrontal cortex. J. Neurosci. 22,
4709–4719.
Bassareo, V., and Di Chiara, G.
(1999). Modulation of feeding-
induced activation of mesolimbic
dopamine transmission by appet-
itive stimuli and its relation to
motivational state. Eur. J. Neurosci.
11, 4389–4397. doi: 10.1046/j.1460-
9568.1999.00843.x
Baudonnat, M., Guillou, J. L., Husson,
M., Vandesquille, M., Corio, M.,
Decorte, L., et al. (2011). Disrupting
effect of drug-induced reward on
spatial but not cue-guided learn-
ing: implication of the striatal
protein kinase A/cAMP response
element-binding protein pathway.
J. Neurosci. 31, 16517–16528. doi:
10.1523/JNEUROSCI.1787-11.2011
Bayer, H. M., and Glimcher, P. W.
(2005). Midbrain dopamine
neurons encode a quantitative
reward prediction error signal.
Neuron 47, 129–141. doi: 10.1016/j.
neuron.2005.05.020
Beeler, J. A., McCutcheon, J. E., Cao,
Z. F., Murakami, M., Alexander,
E., Roitman, M. F., et al. (2012).
Taste uncoupled from nutrition fails
to sustain the reinforcing prop-
erties of food. Eur. J. Neurosci.
36, 2533–2546. doi: 10.1111/j.1460-
9568.2012.08167.x
Besson, M., David, V., Baudonnat,
M., Cazala, P., Guilloux, J. P.,
Reperant, C., et al. (2012). Alpha7-
nicotinic receptors modulate
nicotine-induced reinforcement
and extracellular dopamine out-
flow in the mesolimbic system in
mice. Psychopharmacology (Berl.)
220, 1–14. doi: 10.1007/s00213-
011-2422-1
Bethus, I., Tse, D., and Morris,
R. G. (2010). Dopamine and
memory: modulation of the per-
sistence of memory for novel
hippocampal NMDA receptor-
dependent paired associates.
J. Neurosci. 30, 1610–1618. doi:
10.1523/JNEUROSCI.2721-09.2010
Brayda-Bruno, L., Mons, N., Yee, B. K.,
Micheau, J., Abrous, D. N., Nogues,
X., et al. (2013). Partial loss in septo-
hippocampal cholinergic neurons
alters memory-dependent measures
of brain connectivity without overt
memory deficits. Neurobiol. Dis.
54, 372–381. doi: 10.1016/j.nbd.
2013.01.010
Brischoux, F., Chakraborty, S., Brierley,
D. I., and Ungless, M. A. (2009).
Phasic excitation of dopamine
neurons in ventral VTA by nox-
ious stimuli. Proc. Natl. Acad.
Sci. U.S.A. 106, 4894–4899. doi:
10.1073/pnas.0811507106
Brog, J. S., Salyapongse, A., Deutch, A.
Y., and Zahm, D. S. (1993). The pat-
terns of afferent innervation of the
core and shell in the "accumbens"
part of the rat ventral striatum:
immunohistochemical detection
of retrogradely transported fluoro-
gold. J. Comp. Neurol. 338, 255–278.
doi: 10.1002/cne.903380209
Bromberg-Martin, E. S., and Hikosaka,
O. (2009). Midbrain dopamine neu-
rons signal preference for advance
information about upcoming
rewards. Neuron 63, 119–126. doi:
10.1016/j.neuron.2009.06.009
Bromberg-Martin, E. S., Matsumoto,
M., and Hikosaka, O. (2010a).
Dopamine in motivational control:
rewarding, aversive, and alerting.
Neuron 68, 815–834. doi: 10.1016/j.
neuron.2010.11.022
Bromberg-Martin, E. S., Matsumoto,




J. Neurophysiol. 104, 1068–1076.
doi: 10.1152/jn.00158.2010
Bromberg-Martin, E. S., Matsumoto,
M., Nakahara, H., and Hikosaka,
O. (2010c). Multiple timescales
of memory in lateral habenula
and dopamine neurons. Neuron
67, 499–510. doi: 10.1016/j.
neuron.2010.06.031
Brown, H. D., McCutcheon, J. E.,
Cone, J. J., Ragozzino, M. E.,
and Roitman, M. F. (2011).
Primary food reward and reward-
predictive stimuli evoke different
patterns of phasic dopamine sig-
naling throughout the striatum.
Eur. J. Neurosci. 34, 1997–2006.
doi: 10.1111/j.1460-9568.2011.
07914.x
Calabresi, P., Maj, R., Mercuri, N.
B., and Bernardi, G. (1992).
Coactivation of D1 and D2
dopamine receptors is required
for long-term synaptic depression
in the striatum. Neurosci. Lett.
142, 95–99. doi: 10.1016/0304-
3940(92)90628-K
Clark, J. J., Collins, A. L., Sanford, C. A.,
and Phillips, P. E. (2013). Dopamine
encoding of Pavlovian incentive
stimuli diminishes with extended
training. J. Neurosci. 33, 3526–3532.
doi: 10.1523/JNEUROSCI.5119-
12.2013
Cohen, J. Y., Haesler, S., Vong, L.,
Lowell, B. B., and Uchida, N. (2012).
Neuron-type-specific signals for
reward and punishment in the
ventral tegmental area. Nature 482,
85–88. doi: 10.1038/nature10754
Corbit, L. H., and Balleine, B.
W. (2011). The general and
outcome-specific forms of
Pavlovian-instrumental transfer
are differentially mediated by the
nucleus accumbens core and shell.
J. Neurosci. 31, 11786–11794. doi:
10.1523/JNEUROSCI.2711-11.2011
Costa, R. M. (2007). Plastic corti-
costriatal circuits for action learn-
ing: what’s dopamine got to do
with it. Ann. N.Y. Acad. Sci. U.S.A.
1104, 172–191. doi: 10.1196/annals.
1390.015
Dalley, J. W., Chudasama, Y., Theobald,
D. E., Pettifer, C. L., Fletcher, C.
M., and Robbins, T. W. (2002).
Nucleus accumbens dopamine
and discriminated approach




161, 425–433. doi: 10.1007/s00213-
002-1078-2
Dalley, J. W., Laane, K., Theobald, D.
E., Armstrong, H. C., Corlett, P.
R., Chudasama, Y., et al. (2005).
Time-limited modulation of appet-
itive Pavlovian memory by D1 and
NMDA receptors in the nucleus
accumbens. Proc. Natl. Acad.
Sci. U.S.A. 102, 6189–6194. doi:
10.1073/pnas.0502080102
D’Ardenne, K., McClure, S. M.,
Nystrom, L. E., and Cohen, J. D.
(2008). BOLD responses reflecting
dopaminergic signals in the human
www.frontiersin.org October 2013 | Volume 7 | Article 175 | 11
Baudonnat et al. Dopamine and behavioral relevance
ventral tegmental area. Science
319, 1264–1267. doi: 10.1126/
science.1150605
Daw, N. D., Gershman, S. J., Seymour,
B., Dayan, P., and Dolan, R. J.
(2011). Model-based influences on
humans’ choices and striatal predic-
tion errors. Neuron 69, 1204–1215.
doi: 10.1016/j.neuron.2011.02.027
Day, J. J., Roitman, M. F., Wightman,
R. M., and Carelli, R. M. (2007).
Associative learning mediates
dynamic shifts in dopamine sig-
naling in the nucleus accumbens.
Nat. Neurosci. 10, 1020–1028. doi:
10.1038/nn1923
de Araujo, I. E., Oliveira-Maia, A. J.,
Sotnikova, T. D., Gainetdinov, R.
R., Caron, M. G., Nicolelis, M. A.,
et al. (2008). Food reward in the
absence of taste receptor signaling.
Neuron 57, 930–941. doi: 10.1016/j.
neuron.2008.01.032
Di Ciano, P., Cardinal, R. N., Cowell,
R. A., Little, S. J., and Everitt, B.
J. (2001). Differential involvement
of NMDA, AMPA/kainate, and
dopamine receptors in the nucleus
accumbens core in the acquisition
and performance of pavlovian
approach behavior. J. Neurosci. 21,
9471–9477.
Domingos, A. I., Vaynshteyn, J., Voss,
H. U., Ren, X., Gradinaru, V.,
Zang, F., et al. (2011). Leptin reg-
ulates the reward value of nutrient.
Nat. Neurosci. 14, 1562–1568. doi:
10.1038/nn.2977
Dudman, J. T., Eaton, M. E.,
Rajadhyaksha, A., Macias, W.,
Taher, M., Barczak, A., et al. (2003).
Dopamine D1 receptors mediate
CREB phosphorylation via phos-
phorylation of the NMDA receptor
at Ser897-NR1. J. Neurochem.
87, 922–934. doi: 10.1046/j.1471-
4159.2003.02067.x
Everitt, B. J., and Robbins, T.W. (2005).
Neural systems of reinforcement for
drug addiction: from actions to
habits to compulsion. Nat. Neurosci.
8, 1481–1489. doi: 10.1038/nn1579
Ferreira, J. G., Tellez, L. A., Ren,
X., Yeckel, C. W., and de Araujo,
I. E. (2012). Regulation of fat
intake in the absence of flavour sig-
nalling. J. Physiol. 590, 953–972. doi:
10.1113/jphysiol.2011.218289
Fiorillo, C. D., Song, M. R., and
Yun, S. R. (2013a). Multiphasic
temporal dynamics in responses
of midbrain dopamine neurons
to appetitive and aversive stimuli.
J. Neurosci. 33, 4710–4725. doi:
10.1523/JNEUROSCI.3883-12.2013
Fiorillo, C. D., Yun, S. R., and Song,
M. R. (2013b). Diversity and
homogeneity in responses of
midbrain dopamine neurons.
J. Neurosci. 33, 4693–4709. doi:
10.1523/JNEUROSCI.3886-12.2013
Fiorillo, C. D., Tobler, P. N., and
Schultz, W. (2003). Discrete coding
of reward probability and uncer-
tainty by dopamine neurons. Science
299, 1898–1902. doi: 10.1126/sci-
ence.1077349
Flagel, S. B., Clark, J. J., Robinson,
T. E., Mayo, L., Czuj, A., Willuhn,
I., et al. (2011). A selective role
for dopamine in stimulus-reward
learning. Nature 469, 53–57. doi:
10.1038/nature09588
Floel, A., Garraux, G., Xu, B.,
Breitenstein, C., Knecht, S.,
Herscovitch, P., et al. (2008).
Levodopa increases memory encod-
ing and dopamine release in the
striatum in the elderly. Neurobiol.
Aging 29, 267–279. doi: 10.1016/j.
neurobiolaging.2006.10.009
Floresco, S. B. (2007). Dopaminergic
regulation of limbic-striatal inter-
play. J. Psychiatry Neurosci. 32,
400–411.
Floresco, S. B. (2013). Prefrontal
dopamine and behavioral flexibil-
ity: shifting from an "inverted-U"
toward a family of functions.
Front. Neurosci. 7:62. doi:
10.3389/fnins.2013.00062
Floresco, S. B., Todd, C. L., and Grace,
A. A. (2001). Glutamatergic affer-
ents from the hippocampus to the
nucleus accumbens regulate activity
of ventral tegmental area dopamine
neurons. J. Neurosci. 21, 4915–4922.
Floresco, S. B., Yang, C. R., Phillips,




in the nucleus accumbens of
the anaesthetized rat. Eur. J.
Neurosci. 10, 1241–1251. doi:
10.1046/j.1460-9568.1998.00133.x
Frankland, P. W., and Bontempi,
B. (2005). The organization of
recent and remote memories. Nat.
Rev. Neurosci. 6, 119–130. doi:
10.1038/nrn1607
French, S. J., and Totterdell, S. (2002).
Hippocampal and prefrontal cor-
tical inputs monosynaptically con-
verge with individual projection
neurons of the nucleus accumbens.
J. Comp. Neurol. 446, 151–165. doi:
10.1002/cne.10191
French, S. J., and Totterdell, S. (2003).
Individual nucleus accumbens-
projection neurons receive both
basolateral amygdala and ven-
tral subicular afferents in rats.
Neuroscience 119, 19–31. doi:
10.1016/S0306-4522(03)00150-7
Friedman, D. P., Aggleton, J. P., and
Saunders, R. C. (2002). Comparison
of hippocampal, amygdala, and
perirhinal projections to the
nucleus accumbens: combined
anterograde and retrograde trac-
ing study in the Macaque brain.
J. Comp. Neurol. 450, 345–365. doi:
10.1002/cne.10336
Gan, J. O., Walton, M. E., and Phillips,
P. E. (2010). Dissociable cost
and benefit encoding of future
rewards by mesolimbic dopamine.
Nat. Neurosci. 13, 25–27. doi:
10.1038/nn.2460
Gershman, S. J., Blei, D. M., and
Niv, Y. (2010). Context, learning,
and extinction. Psychol. Rev. 117,
197–209. doi: 10.1037/a0017808
Gershman, S. J., and Niv, Y. (2010).
Learning latent structure: carv-
ing nature at its joints. Curr.
Opin. Neurobiol. 20, 251–256. doi:
10.1016/j.conb.2010.02.008
Ghods-Sharifi, S., and Floresco, S. B.
(2010). Differential effects on effort
discounting induced by inactiva-
tions of the nucleus accumbens
core or shell. Behav. Neurosci. 124,
179–191. doi: 10.1037/a0018932





Cereb. Cortex 18, 1407–1414.
doi: 10.1093/cercor/bhm172
Grace, A. A., Floresco, S. B., Goto, Y.,
and Lodge, D. J. (2007). Regulation
of firing of dopaminergic neurons
and control of goal-directed behav-
iors. Trends Neurosci. 30, 220–227.
doi: 10.1016/j.tins.2007.03.003
Gray, J. A., and McNaughton, N.
(eds.), (2000). The Neuropsychology
of Anxiety. Oxford: Oxford Univ.
Press.
Haluk, D. M., and Floresco, S.
B. (2009). Ventral striatal
dopamine modulation of different




Honey, R. C., Watt, A., and Good, M.
(1998). Hippocampal lesions dis-
rupt an associative mismatch pro-
cess. J. Neurosci. 18, 2226–2230.
Horvitz, J. C., Stewart, T., and Jacobs,
B. L. (1997). Burst activity of ven-
tral tegmental dopamine neurons
is elicited by sensory stimuli in
the awake cat. Brain Res. 759,
251–258. doi: 10.1016/S0006-8993
(97)00265-5
Huang, Y. Y., and Kandel, E. R. (1995).
D1/D5 receptor agonists induce
a protein synthesis-dependent late
potentiation in the CA1 region
of the hippocampus. Proc. Natl.
Acad. Sci. U.S.A. 92, 2446–2450. doi:
10.1073/pnas.92.7.2446
Hyman, S. E., Malenka, R. C., and
Nestler, E. J. (2006). Neural mech-
anisms of addiction: the role
of reward-related learning and
memory. Annu. Rev. Neurosci. 29,
565–598. doi: 10.1146/annurev.
neuro.29.051605.113009
Ito, R., Dalley, J. W., Howes, S. R.,
Robbins, T. W., and Everitt, B.
J. (2000). Dissociation in condi-
tioned dopamine release in the
nucleus accumbens core and shell in
response to cocaine cues and dur-
ing cocaine-seeking behavior in rats.
J. Neurosci. 20, 7489–7495.
Ito, R., and Hayen, A. (2011). Opposing
roles of nucleus accumbens core
and shell dopamine in the modula-
tion of limbic information process-
ing. J. Neurosci. 31, 6001–6007. doi:
10.1523/JNEUROSCI.6588-10.2011
Johnson, A., van der Meer, M. A., and
Redish, A. D. (2007). Integrating
hippocampus and striatum in
decision-making. Curr. Opin.
Neurobiol. 17, 692–697. doi:
10.1016/j.conb.2008.01.003
Johnson, S. W., and North, R. A.
(1992). Opioids excite dopamine
neurons by hyperpolarization of
local interneurons. J. Neurosci. 12,
483–488.
Jones, J. L., Day, J. J., Aragona, B.
J., Wheeler, R. A., Wightman, R.
M., and Carelli, R. M. (2010).
Basolateral amygdala modu-
lates terminal dopamine release
in the nucleus accumbens and
conditioned responding. Biol.
Psychiatry 67, 737–744. doi:
10.1016/j.biopsych.2009.11.006
Joshua, M., Adler, A., Mitelman,
R., Vaadia, E., and Bergman, H.
(2008). Midbrain dopaminergic
neurons and striatal cholinergic
interneurons encode the difference
between reward and aversive events
at different epochs of probabilis-
tic classical conditioning trials.
J. Neurosci. 28, 11673–11684. doi:
10.1523/JNEUROSCI.3839-08.2008
Kakade, S., and Dayan, P.
(2002). Dopamine: general-
ization and bonuses. Neural
Netw. 15, 549–559. doi:
10.1016/S0893-6080(02)00048-5
Kandel, E. R. (2001). The molecu-
lar biology of memory storage:
a dialogue between genes and
synapses. Science 294, 1030–1038.
doi: 10.1126/science.1067020
Kerr, J. N., and Wickens, J. R. (2001).
Dopamine D-1/D-5 receptor acti-
vation is required for long-term
potentiation in the rat neostria-
tum in vitro. J. Neurophysiol. 85,
117–124.
Klein-Flugge, M. C., Hunt, L. T.,
Bach, D. R., Dolan, R. J., and
Frontiers in Neuroscience | Decision Neuroscience October 2013 | Volume 7 | Article 175 | 12
Baudonnat et al. Dopamine and behavioral relevance
Behrens, T. E. (2011). Dissociable
reward and timing signals in
human midbrain and ventral stria-
tum. Neuron 72, 654–664. doi:
10.1016/j.neuron.2011.08.024
Knutson, B., and Gibbs, S. E. (2007).
Linking nucleus accumbens
dopamine and blood oxy-
genation. Psychopharmacology
(Berl.) 191, 813–822. doi:
10.1007/s00213-006-0686-7
Kuhl, B. A., Shah, A. T., DuBrow,
S., and Wagner, A. D. (2010).
Resistance to forgetting associ-
ated with hippocampus-mediated
reactivation during new learning.
Nat Neurosci 13, 501–506. doi:
10.1038/nn.2498
Kumaran, D., and Maguire, E. A.
(2007). Match mismatch processes
underlie human hippocampal
responses to associative novelty.
J. Neurosci. 27, 8517–8524. doi:
10.1523/JNEUROSCI.1677-07.2007
LaLumiere, R. T., Nawar, E. M., and
McGaugh, J. L. (2005). Modulation
of memory consolidation by the
basolateral amygdala or nucleus
accumbens shell requires concur-
rent dopamine receptor activation
in both brain regions. Learn.
Mem. 12, 296–301. doi: 10.1101/
lm.93205
Lammel, S., Ion, D. I., Roeper,
J., and Malenka, R. C. (2011).
Projection-specific modulation
of dopamine neuron synapses
by aversive and rewarding stim-
uli. Neuron 70, 855–862. doi:
10.1016/j.neuron.2011.03.025
Legault, M., Rompre, P. P., and Wise,
R. A. (2000). Chemical stimulation
of the ventral hippocampus ele-
vates nucleus accumbens dopamine
by activating dopaminergic neu-
rons of the ventral tegmental area.
J. Neurosci. 20, 1635–1642.
Lex, A., and Hauber, W. (2008).
Dopamine D1 and D2 recep-
tors in the nucleus accumbens
core and shell mediate
Pavlovian-instrumental trans-
fer. Learn. Mem. 15, 483–491. doi:
10.1101/lm.978708
Lex, B., and Hauber, W. (2010). The
role of dopamine in the prelim-
bic cortex and the dorsomedial
striatum in instrumental condition-
ing. Cereb. Cortex 20, 873–883. doi:
10.1093/cercor/bhp151
Lisman, J. E., and Grace, A. A.
(2005). The hippocampal-VTA
loop: controlling the entry of
information into long-term mem-
ory. Neuron 46, 703–713. doi:
10.1016/j.neuron.2005.05.002
Ljungberg, T., Apicella, P., and Schultz,
W. (1992). Responses of mon-
key dopamine neurons during
learning of behavioral reactions.
J. Neurophysiol. 67, 145–163.







Lodge, D. J., and Grace, A. A. (2006).
The hippocampus modulates
dopamine neuron responsiv-
ity by regulating the intensity




Lovinger, D. M. (2010).
Neurotransmitter roles in synap-
tic modulation, plasticity and




Luo, A. H., Tahsili-Fahadan, P.,
Wise, R. A., Lupica, C. R.,
and Aston-Jones, G. (2011).
Linking context with reward: a
functional circuit from hippocam-
pal CA3 to ventral tegmental
area. Science 333, 353–357. doi:
10.1126/science.1204622
MacAskill, A. F., Little, J. P., Cassel,
J. M., and Carter, A. G. (2012).
Subcellular connectivity under-
lies pathway-specific signaling
in the nucleus accumbens. Nat.
Neurosci. 15, 1624–1626. doi:
10.1038/nn.3254
Mariano, T. Y., Bannerman, D. M.,
McHugh, S. B., Preston, T. J.,
Rudebeck, P. H., Rudebeck, S. R.,
et al. (2009). Impulsive choice in
hippocampal but not orbitofrontal
cortex-lesioned rats on a non-
spatial decision-making maze task.
Eur. J. Neurosci. 30, 472–484. doi:
10.1111/j.1460-9568.2009.06837.x
Matsumoto, M., and Hikosaka, O.
(2009). Two types of dopamine
neuron distinctly convey positive
and negative motivational sig-
nals. Nature 459, 837–841. doi:
10.1038/nature08028
Matthews, R. T., and German, D.
C. (1984). Electrophysiological evi-
dence for excitation of rat ven-
tral tegmental area dopamine neu-
rons by morphine. Neuroscience
11, 617–625. doi: 10.1016/0306-
4522(84)90048-4
McCutcheon, J. E., Beeler, J. A., and
Roitman, M. F. (2012). Sucrose-
predictive cues evoke greater
phasic dopamine release than
saccharin-predictive cues. Synapse
66, 346–351. doi: 10.1002/syn.21519
McDannald, M. A., Takahashi, Y. K.,
Lopatina, N., Pietras, B. W., Jones,
J. L., and Schoenbaum, G. (2012).
Model-based learning and the
contribution of the orbitofrontal
cortex to the model-free world.
Eur. J. Neurosci. 35, 991–996.
doi: 10.1111/j.1460-9568.2011.
07982.x
McDonald, R. J., and White, N. M.
(1994). Parallel information pro-
cessing in the water maze: evi-
dence for independent memory sys-
tems involving dorsal striatum and
hippocampus. Behav. Neural Biol.
61, 260–270. doi: 10.1016/S0163-
1047(05)80009-3
Mebel, D. M., Wong, J. C., Dong,
Y. J., and Borgland, S. L. (2012).
Insulin in the ventral tegmental area
reduces hedonic feeding and sup-
presses dopamine concentration via
increased reuptake. Eur. J. Neurosci.
36, 2336–2346. doi: 10.1111/j.1460-
9568.2012.08168.x
Mirenowicz, J., and Schultz, W.
(1996). Preferential activation of
midbrain dopamine neurons by
appetitive rather than aversive
stimuli. Nature 379, 449–451. doi:
10.1038/379449a0
Montague, P. R., Dayan, P., and
Sejnowski, T. J. (1996). A frame-
work for mesencephalic dopamine
systems based on predictive
Hebbian learning. J. Neurosci. 16,
1936–1947.
Morris, G., Nevet, A., Arkadir, D.,
Vaadia, E., and Bergman, H. (2006).
Midbrain dopamine neurons
encode decisions for future action.
Nat. Neurosci. 9, 1057–1063. doi:
10.1038/nn1743
Nakahara, H., and Hikosaka, O.
(2012). Learning to represent
reward structure: a key to adapt-
ing to complex environments.
Neurosci. Res. 74, 177–183. doi:
10.1016/j.neures.2012.09.007
Nakahara, H., Itoh, H., Kawagoe, R.,
Takikawa, Y., and Hikosaka, O.
(2004). Dopamine neurons can rep-
resent context-dependent predic-
tion error. Neuron 41, 269–280. doi:
10.1016/S0896-6273(03)00869-9
Nelson, A. J., Thur, K. E., Marsden,
C. A., and Cassaday, H. J. (2010).
Dissociable roles of dopamine
within the core and medial shell
of the nucleus accumbens in
memory for objects and place.
Behav. Neurosci. 124, 789–799. doi:
10.1037/a0021114
Nicola, S. M. (2010). The flexible
approach hypothesis: unification
of effort and cue-responding
hypotheses for the role of nucleus
accumbens dopamine in the acti-
vation of reward-seeking behavior.
J. Neurosci. 30, 16585–16600. doi:
10.1523/JNEUROSCI.3958-10.2010
Nomoto, K., Schultz, W., Watanabe,
T., and Sakagami, M. (2010).
Temporally extended dopamine
responses to perceptually demand-
ing reward-predictive stimuli.
J. Neurosci. 30, 10692–10702. doi:
10.1523/JNEUROSCI.4828-09.2010
Nugent, F. S., Penick, E. C., and Kauer,
J. A. (2007). Opioids block long-
term potentiation of inhibitory
synapses. Nature 446, 1086–1090.
doi: 10.1038/nature05726
Oleson, E. B., Gentry, R. N., Chioma,
V. C., and Cheer, J. F. (2012).
Subsecond dopamine release
in the nucleus accumbens pre-
dicts conditioned punishment
and its successful avoidance.
J. Neurosci. 32, 14804–14808. doi:
10.1523/JNEUROSCI.3087-12.2012
Ostlund, S. B., Wassum, K. M.,
Murphy, N. P., Balleine, B. W.,
and Maidment, N. T. (2011).
Extracellular dopamine levels in
striatal subregions track shifts
in motivation and response cost
during instrumental condition-
ing. J. Neurosci. 31, 200–207.
doi: 10.1523/JNEUROSCI.4759-
10.2011
Packard, M. G., and White, N. M.
(1989). Memory facilitation pro-
duced by dopamine agonists: role
of receptor subtype and mnemonic
requirements. Pharmacol.
Biochem. Behav. 33, 511–518. doi:
10.1016/0091-3057(89)90378-X
Packard, M. G., and White, N. M.
(1991). Dissociation of hippocam-
pus and caudate nucleus memory
systems by posttraining intracere-
bral injection of dopamine agonists.
Behav. Neurosci. 105, 295–306. doi:
10.1037/0735-7044.105.2.295
Pawlak, V., and Kerr, J. N. (2008).
Dopamine receptor activation
is required for corticostriatal
spike-timing-dependent plasticity.
J. Neurosci. 28, 2435–2446. doi:
10.1523/JNEUROSCI.4402-07.2008
Pennartz, C. M., Ito, R., Verschure,
P. F., Battaglia, F. P., and Robbins,
T. W. (2011). The hippocampal-
striatal axis in learning, predic-
tion and goal-directed behavior.
Trends Neurosci. 34, 548–559. doi:
10.1016/j.tins.2011.08.001
Pezze, M. A., Heidbreder, C. A.,
Feldon, J., and Murphy, C. A.
(2001). Selective responding of
nucleus accumbens core and shell
dopamine to aversively conditioned
contextual and discrete stimuli.
Neuroscience 108, 91–102. doi:
10.1016/S0306-4522(01)00403-1
Phillips, A. G., Vacca, G., and
Ahn, S. (2008). A top-down
perspective on dopamine, moti-
vation and memory. Pharmacol.
www.frontiersin.org October 2013 | Volume 7 | Article 175 | 13
Baudonnat et al. Dopamine and behavioral relevance
Biochem. Behav. 90, 236–249. doi:
10.1016/j.pbb.2007.10.014
Phillips, P. E., Walton, M. E., and
Jhou, T. C. (2007). Calculating
utility: preclinical evidence for
cost-benefit analysis by mesolimbic
dopamine. Psychopharmacology
(Berl.) 191, 483–495. doi:
10.1007/s00213-006-0626-6
Pompilio, L., and Kacelnik, A. (2010).
Context-dependent utility overrides
absolute memory as a determi-
nant of choice. Proc. Natl. Acad.
Sci. U.S.A. 107, 508–512. doi:
10.1073/pnas.0907250107
Porte, Y., Buhot, M. C., and Mons,
N. E. (2008). Spatial memory in
the Morris water maze and acti-
vation of cyclic AMP response
element-binding (CREB) protein
within the mouse hippocampus.
Learn. Mem. 15, 885–894. doi: 10.
1101/lm.1094208
Redgrave, P., Gurney, K., and Reynolds,
J. (2008). What is reinforced
by phasic dopamine signals.
Brain Res. Rev. 58, 322–339.
doi: 10.1016/j.brainresrev.2007.
10.007
Reynolds, J. N., Hyland, B. I., and
Wickens, J. R. (2001). A cellu-
lar mechanism of reward-related
learning. Nature 413, 67–70. doi:
10.1038/35092560
Roesch, M. R., Calu, D. J., and
Schoenbaum, G. (2007). Dopamine
neurons encode the better option
in rats deciding between differ-
ently delayed or sized rewards.
Nat. Neurosci. 10, 1615–1624. doi:
10.1038/nn2013
Roitman, M. F., Stuber, G. D., Phillips,
P. E., Wightman, R. M., and Carelli,
R. M. (2004). Dopamine operates
as a subsecond modulator of food
seeking. J. Neurosci. 24, 1265–1271.
doi: 10.1523/JNEUROSCI.3823-
03.2004
Sanderson, D. J., and Bannerman, D.
M. (2012). The role of habituation
in hippocampus-dependent spatial
working memory tasks: evidence
fromGluA1 AMPA receptor subunit
knockout mice. Hippocampus 22,
981–994. doi: 10.1002/hipo.20896
Schapiro, A. C., Kustner, L. V., and
Turk-Browne, N. B. (2012). Shaping
of object representations in the
human medial temporal lobe
based on temporal regularities.
Curr. Biol. 22, 1622–1627. doi:
10.1016/j.cub.2012.06.056
Schultz, W. (1997). Dopamine neu-
rons and their role in reward
mechanisms. Curr. Opin. Neurobiol.
7, 191–197. doi: 10.1016/S0959-
4388(97)80007-4
Schultz, W. (2002). Getting formal
with dopamine and reward. Neuron
36, 241–263. doi: 10.1016/S0896-
6273(02)00967-4
Schultz, W. (2007). Behavioral
dopamine signals. Trends
Neurosci. 30, 203–210. doi:
10.1016/j.tins.2007.03.007
Schultz, W. (2013). Updating
dopamine reward signals. Curr.
Opin. Neurobiol. 23, 229–238. doi:
10.1016/j.conb.2012.11.012
Shohamy, D., and Adcock, R. A. (2010).
Dopamine and adaptive memory.
Trends Cogn. Sci. 14, 464–472. doi:
10.1016/j.tics.2010.08.002
Shohamy, D., and Wagner, A. D.
(2008). Integrating memories in
the human brain: hippocampal-
midbrain encoding of overlapping
events. Neuron 60, 378–389.
doi: 10.1016/j.neuron.2008.
09.023
Siegel, G. J., Agranoff, B. W., Albers, R.
W., Fisher, S. K., and Uhler, M. D.
(eds.), (1999). Basic Neurochemistry,
6th Edn. Philadelphia: Lippincott
Williams and Wilkins.
Sokolowski, J. D., and Salamone, J.
D. (1998). The role of accumbens
dopamine in lever pressing and
response allocation: effects of
6-OHDA injected into core and
dorsomedial shell. Pharmacol.
Biochem. Behav. 59, 557–566. doi:
10.1016/S0091-3057(97)00544-3
Stefani, M. R., and Moghaddam,
B. (2006). Rule learning and
reward contingency are associ-
ated with dissociable patterns
of dopamine activation in the
rat prefrontal cortex, nucleus
accumbens, and dorsal striatum.
J. Neurosci. 26, 8810–8818. doi:
10.1523/JNEUROSCI.1656-06.2006
Steinberg, E. E., Keiflin, R., Boivin,
J. R., Witten, I. B., Deisseroth, K.,
and Janak, P. H. (2013). A causal
link between prediction errors,
dopamine neurons and learning.
Nat. Neurosci. 16, 966–973. doi:
10.1038/nn.3413
Stopper, C. M., and Floresco, S.
B. (2011). Contributions of
the nucleus accumbens and its
subregions to different aspects
of risk-based decision making.
Cogn. Affect. Behav. Neurosci. 11,
97–112. doi: 10.3758/s13415-010-
0015-9
Strange, B. A., Duggins, A., Penny,
W., Dolan, R. J., and Friston, K. J.
(2005). Information theory, nov-
elty and hippocampal responses:
unpredicted or unpredictable.
Neural Netw. 18, 225–230. doi:
10.1016/j.neunet.2004.12.004
Tai, L. H., Lee, A. M., Benavidez, N.,
Bonci, A., and Wilbrecht, L. (2012).
Transient stimulation of distinct
subpopulations of striatal neurons
mimics changes in action value.
Nat. Neurosci. 15, 1281–1289. doi:
10.1038/nn.3188
Takahashi, Y. K., Roesch, M. R.,
Wilson, R. C., Toreson, K.,
O’Donnell, P., Niv, Y., et al.
(2011). Expectancy-related changes
in firing of dopamine neurons
depend on orbitofrontal cortex.
Nat. Neurosci. 14, 1590–1597. doi:
10.1038/nn.2957
Threlfell, S., Lalic, T., Platt, N. J.,
Jennings, K. A., Deisseroth, K.,
and Cragg, S. J. (2012). Striatal
dopamine release is triggered by
synchronized activity in choliner-
gic interneurons. Neuron 75, 58–64.
doi: 10.1016/j.neuron.2012.04.038
Tobler, P. N., Fiorillo, C. D., and
Schultz, W. (2005). Adaptive coding
of reward value by dopamine neu-
rons. Science 307, 1642–1645. doi:
10.1126/science.1105370
Tolu, S., Eddine, R., Marti, F., David,
V., Graupner, M., Pons, S., et al.
(2013). Co-activation of VTA DA
and GABA neurons mediates nico-
tine reinforcement. Mol. Psychiatry
18, 382–393. doi: 10.1038/mp.
2012.83
Waelti, P., Dickinson, A., and Schultz,
W. (2001). Dopamine responses
comply with basic assumptions of
formal learning theory. Nature 412,
43–48. doi: 10.1038/35083500
Walton, M. E., Gan, J. O., and Phillips,
P. E. M. (2011). “The influence
of dopamine in generating action
from motivation,” in Neural Basis of
Motivational and Cognitive Control,
ed R. B. Mars (Cambridge, MA:
MIT Press), 163–187.
Wanat, M. J., Bonci, A., and Phillips, P.
E. (2013). CRF acts in the midbrain
to attenuate accumbens dopamine
release to rewards but not their pre-
dictors. Nat. Neurosci. 16, 383–385.
doi: 10.1038/nn.3335
Wassum, K. M., Ostlund, S. B., and
Maidment, N. T. (2012). Phasic
mesolimbic dopamine signaling
precedes and predicts performance
of a self-initiated action sequence
task. Biol. Psychiatry 71, 846–854.
doi: 10.1016/j.biopsych.2011.12.019
White, N. M., and McDonald,
R. J. (2002). Multiple paral-
lel memory systems in the
brain of the rat. Neurobiol.
Learn. Mem. 77, 125–184. doi:
10.1006/nlme.2001.4008
Wickens, J. R. (2009). Synaptic plas-
ticity in the basal ganglia. Behav.
Brain Res. 199, 119–128. doi:
10.1016/j.bbr.2008.10.030
Wilson, C., Nomikos, G. G., Collu,
M., and Fibiger, H. C. (1995).
Dopaminergic correlates of
motivated behavior: importance of
drive. J. Neurosci. 15, 5169–5178.
Wimmer, G. E., Daw, N. D., and
Shohamy, D. (2012). Generalization
of value in reinforcement learn-
ing by humans. Eur. J. Neurosci.
35, 1092–1104. doi: 10.1111/j.1460-
9568.2012.08017.x
Wise, R. A. (2009). Roles
for nigrostriatal–not just
mesocorticolimbic–dopamine in
reward and addiction. Trends
Neurosci. 32, 517–524. doi: 10.1016/
j.tins.2009.06.004
Wunderlich, K., Smittenaar, P., and
Dolan, R. J. (2012). Dopamine
enhances model-based over
model-free choice behav-
ior. Neuron 75, 418–424. doi:
10.1016/j.neuron.2012.03.042
Yun, I. A., Wakabayashi, K. T., Fields,
H. L., and Nicola, S. M. (2004).
The ventral tegmental area is
required for the behavioral and
nucleus accumbens neuronal fir-
ing responses to incentive cues.
J. Neurosci. 24, 2923–2933. doi:
10.1523/JNEUROSCI.5282-03.2004
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 14 July 2013; accepted: 09
September 2013; published online: 11
October 2013.
Citation: BaudonnatM, Huber A, David
V and Walton ME (2013) Heads for
learning, tails for memory: reward, rein-
forcement and a role of dopamine in
determining behavioral relevance across
multiple timescales. Front. Neurosci.
7:175. doi: 10.3389/fnins.2013.00175
This article was submitted to Decision
Neuroscience, a section of the journal
Frontiers in Neuroscience.
Copyright © 2013 Baudonnat, Huber,
David and Walton. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permit-
ted, provided the original author(s) or
licensor are credited and that the origi-
nal publication in this journal is cited, in
accordance with accepted academic prac-
tice. No use, distribution or reproduction
is permitted which does not comply with
these terms.
Frontiers in Neuroscience | Decision Neuroscience October 2013 | Volume 7 | Article 175 | 14
